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We derive the equations of motion of a test particle in the equatorial plane around a static and
spherically symmetric wormhole influenced by a radiation field including the general relativistic
Poynting-Robertson effect. From the analysis of this dynamical system, we develop a diagnostic to
distinguish a black hole from a wormhole, which can be timely supported by several and different ob-
servational data. This procedure is based on the possibility of having some wormhole metrics, which
smoothly connect to the Schwarzschild metric in a small transition surface layer very close to the
black hole event horizon. To detect such a metric-change, we analyse the emission proprieties from
the critical hypersurface (stable region where radiation and gravitational fields balance) together
with those from an accretion disk in the Schwarzschild spacetime toward a distant observer. Indeed,
if the observational data are well fitted within such model, it immediately implies the existence of a
black hole; while in case of strong departures from such description it means that a wormhole could
be present. Finally, we discuss our results and draw the conclusions.
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1. INTRODUCTION
Black holes (BHs) constitute one of the main impli-
cations of General Relativity (GR) and of any metric
theory of gravity. The recent observational evidences
about their existence and nature through the detection of
gravitational waves (GWs) from the Laser Interferometer
Gravitational-Wave Observatory (LIGO) [1–3] and the
first image of the BH located at the center of the Galaxy
M87 from the Event Horizon Telescope (EHT) collabora-
tion [4–9] shed new light on this intriguing gravitational
massive sources. Such astrophysical objects are well
known to be characterized by an event horizon, which is
a one way-membrane separating the smoothly-behaving
exterior spacetime from the casually disconnected inner
regions hiding essential singularities at their center.
Actually, there are several techniques to gather infor-
mation about such objects: the oldest practice consists in
observing the interaction between BH and the surround-
ing matter through the emission of electromagnetic sig-
nals in the X-ray energy band [10]; tracking the motion
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of stellar objects around a supermassive BH (SBH), as
it has been doing for long time with Sgr A* [11]; the
detection of GWs signals through instruments of higher
and higher sensibilities [12, 13]; the ability of imaging the
matter dynamics in the vicinity of a BH [4–9, 14]. This
period, defined the multi-messenger era for the wealth
of complementary observational data, offers the possibil-
ity to have finally more insight into the BHs’ description
within or outside the GR theory.
There is a huge variety of theoretical compact objects’
candidates, which perfectly mimic all observational prop-
erties of a BH with arbitrary accuracy [15]. In this huge
class of BH mimickers, an appealing position is occupied
by the wormholes (WHs) [16–18]. They have the pe-
culiar proprieties to be horizonless, and endowed with a
traversable bridge connecting two different universes [19].
The traversable condition in classical GR is linked to the
existence of exotic matter, having negative energy and
going against the classical laws of physics. A common
way to explain such issue is based on quantum mechan-
ics [20–23] or, if we frame the WH models in alternative
theories of gravity, on topological arguments [24, 25].
In the literature, several have been the attempts and
new techniques proposed to detect WHs and establish
their observational signatures. In order to give a precise
idea of such research field, it is worth citing the follow-
ing works: Cardoso and Pani [26] noted that WHs with
ar
X
iv
:2
00
4.
14
84
9v
2 
 [g
r-q
c] 
 1 
M
ay
 20
20
2a light ring admit similar BH ringdown stage, and their
quasinormal-mode spectrum, which is completely differ-
ent from that of a BH, can eventually show up only at late
times; instead Konoplya and Zhidenko [27] showed later
that particular classes of WHs can actually ring similarly
or differently to BHs at all times; Paul and collaborators
[28] produced numerical images of a thin accretion disk
around both a BH and WH, determining distinctive fea-
tures when a WH has accretion disks on both sides of
its throat, and qualitatively similar or dramatic differ-
ences when the disk is on the same side of the observer
(see figures in the paper, for details); Dai and collabo-
rators [29] showed that the gravitational flux propagates
from one universe to the other one perturbing the motion
of the objects, detectable with an acceleration precision
of 10−6 m/s2; Banerjee and collaborators [30] calculated
that BHs and WHs close to the event horizon/throat have
distinctive tidal effects (a few times higher for WHs) aris-
ing from their different geometries; Hashimoto and Dalui
[31, 32] found that the motion of massive and massless
test particles exhibit chaotic behaviors near the event
horizon due to its surface gravity, permitting to probe
whether there exists a horizon.
In this work, we consider static and spherically sym-
metric WHs in pure GR, mimickers of BHs’ proprieties.
We propose an original procedure to diagnose a WH from
a BH by employing the general relativistic Poynting-
Robertson (PR) effect, which can be supported by the
recent massive amount of observational data.
In high-energy astrophysics, the motion of relatively
small-sized test particles (like accretion disk elements,
meteors, comets, planets, dusts) around massive compact
objects (like SBHs or stellar BHs) is influenced not only
by the gravitational field, but also by the electromagnetic
radiation from an emitting source (like accretion disk, or
hot corona around a BH). Beside such forces, there is
also the presence of a radiation drag force, termed PR
effect, arising when the matter absorbs and reemits the
radiation, generating thus a thrust force opposite to the
matter orbital motion [33–38]. Such effect configures as a
dissipative force, which removes energy and angular mo-
mentum from the effected body [39–42]. Recent works on
such topic are: extension from the two-dimensional (2D)
formulation to the three-dimensional (3D) space in Kerr
metric [43, 44]; continuous emission of radiation from a
finite source in Schwarzschild spacetime [45]; treatment
under a Lagrangian formulation, where the Rayleigh po-
tential (describing the radiation dissipative force) has
been analytically determined for the first time in the
GR literature [46–48]; proof within the Lyapunov the-
ory that the critical hypersurfaces (regions where there
is a balance between radiation and gravitational forces)
are stable configurations [49].
The paper is structured as follows: in Sec. 2 we first
derive the equations of motion of a test particle around
a static and spherically symmetric WH affected by the
general relativistic PR effect, discussing the proprieties
and implications of such dynamics with respect to the
Schwarzschild case; in Sec. 3 we present our proposal to
disentangle a WH from a BH by analysing the electro-
magnetic emission proprieties from the critical hypersur-
faces in Schwarzschild and WH spacetime under the PR
effect; in Sec. 4 we discuss about the obtained results
and finally give our conclusions.
2. GENERAL RELATIVISTIC
POYNTING-ROBERTSON EFFECT AROUND A
STATIC AND SPHERICALLY SYMMETRIC
WORMHOLE
In this section, we recall the proprieties of a Morris-
Thorne WH metric (see Sec. 2 2.1), which will be the ge-
ometrical background on which a test particle will move
under the general relativistic PR effect. After having de-
rived its equations of motion (see Sec. 2 2.2), we analyse
the existence of the critical hypersurfaces (see Sec. 2 2.3),
one of the most important implications of the general rel-
ativistic PR effect, which we will use in the next sections.
2.1. The Morris–Thorne Wormhole
We consider a static and spherically symmetric WH,
whose spacetime is described by the Morris–Throne met-
ric [50]. We use the signature (−,+,+,+) for the metric,
and geometrical units for gravitational constant G, and
speed of light c (c = G = 1). The metric line element,
ds2 = gαβdx
αdxβ , expressed in spherical coordinates and
in the equatorial plane θ = pi/2, reads as
ds2 = −e2Φ(r)dt2 + dr
2
1− b(r)/r + r
2dϕ2, (1)
which is parametrized by Φ(r) and b(r), better known as
the shape and redshift functions, respectively.
To simplify the calculations and have a direct physical
interpretations of the results we will find, we employ as
orthonormal basis of vectors the proper reference frame
adapted to the static observers (SOs), given by [50]
etˆ ≡ n =
∂t
N
, erˆ =
∂r√
grr
, eϕˆ =
∂ϕ√
gϕϕ
. (2)
where N ≡ (−gtt)−1/2 = eΦ(r) is the time lapse function
[41, 42]. We will denote throughout the paper vector and
tensor indices (e.g., vα; Tαβ) evaluated in the SO frame
by a hat (e.g., vαˆ; Tαˆβˆ), instead scalar quantities (e.g., f)
measured in SO frame will be followed by n (e.g., f(n)).
The geometrical proprieties of a WH entail some con-
straints on the b(r),Φ(r) functions, which are [50]:
• the presence of a spatial embedded 2D surface, con-
necting two spacetimes (defined as WH neck, see
Fig. 1). It is described in cylindrical coordinates
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FIG. 1. Sketch of the Morris–Throne WH geometry including the presence of an accretion disk in the upper universe.
by the following differential equation
dz(r)
dr
= ±
[
r
b(r)
− 1
]−1/2
, (3)
where the sign ”+” stays for the upper universe,
and the sign ”-” is for the lower universe. The
surface z = z(r) gives the WH neck shape;
• there are no horizons or singularities, entailing
therefore that Φ is everywhere finite;
• the WH throat is defined as the minimum radius
such that rmin = b0 and b(rmin) = b0. Such defini-
tion substituted in Eq. (3) gives a divergence, being
formally not in agreement with the previous point.
However, by exploiting the proper radial distance l
as measured by SOs [50]
dl
dr
= ±
[
1− b(r)
r
]−1/2
, (4)
or in a clearer form as
l(r) = ±
∫
r
b0
dr[
1− b(r)r
]1/2 , (5)
we immediately see how the divergence disap-
pear. Indeed, imposing that such distance is fi-
nite through all the spacetime, we require that
1− b(r)/r ≥ 0 throughout the spacetime;
• both connected universes are asymptotically flat far
from the throat in both radial directions, namely
b(r)/r → 0 and Φ→ 0 for l→ ±∞;
• another fundamental point is to characterize the
material, which generates the WH spacetime curva-
ture. We start by defining its stress-energy tensor,
as measured in the SO frame, given by
T
(m)
tˆtˆ
= ρ(r), T
(m)
rˆrˆ = −τ(r), T (m)ϕˆϕˆ = p(r), (6)
where ρ is the mass-energy density, τ is the ra-
dial tension, and p is the lateral pressure. Now,
solving the Einstein field equations and defining
(·)′ ≡ d(·)/dr = (1− b(r)/r)−1/2d(·)/dl, we obtain
ρ(r) =
b′(r)
8pir2
, (7)
τ(r) =
b(r)/r − 2[r − b(r)]Φ′(r)
8pir2
, (8)
p(r) =
r
2
[(ρ(r)− τ(r))Φ′(r)− τ ′(r)]− τ(r). (9)
These equations are extremely important, because
they closely relate the matter to the metric func-
tions and viceversa. In particular, Eq. (7) can be
easily integrated, giving
b(r) = b(r0) +
∫ r
b0
8pix2ρ(x)dx = 2m(r), (10)
where we have defined
m(r) =
b0
2
+
∫ r
b0
4pix2ρ(x)dx, (11)
which is the effective mass contained in the sphere
of radius r. In this equation, it is more understand-
able the role of the function b(r), which is linked to
the distribution of masses inside the WH. In par-
ticular at spatial infinity, we have [19]
lim
r→∞m(r) =
b0
2
+
∫ ∞
b0
4pix2ρ(x)dx = M, (12)
where M is the total mass of the system.
The traversable propriety is expressed by the flar-
ing out condition, which entails τ(r) > ρ(r) at the
throat or that the dimensionless function
ξ(r) =
τ(r)− ρ(r)
|ρ(r)| (13)
4be non-negative at r = b0, or also that d
2r/dz2 > 0
at r = b0, giving a particular constraint on the WH
shape. All these implications physically translates
in having a negative mass-energy density inside the
throat. This leads to a delicate issue regarding
the existence of exotic matter, which, albeit sev-
eral proposals, is still matter of debate and seems
to be forbidden by classical laws of physics, but ac-
cepted through a quantum field theory argument.
However, as discussed in [51–54], it is possible to
bypass this difficulty by considering modified theo-
ries of gravity where energy conditions are not vi-
olated because the additional (geometric) degrees
of freedom behave as a fluid, whose energy den-
sity can be eventually negatively defined. In other
words, standard fluid matter retains its own prop-
erties but violations are prevented by the improved
field equations (see e.g., Refs. [55–60], for further
discussions and approaches). The debate is that
exotic matter or modified gravity should be taken
into account to obtain realistic WHs.
In this work we are interested only in the basic WH
criteria, caring only about the geometrical structure,
without considering the usability criteria, which are de-
fined to tune the WH for human interstellar travels (e.g.,
traversability of the WH neck in a relatively short time
period, comfortable radial tidal force) [50].
2.2. The Poynting-Robertson effect in General
Relativity
In this section, we aim at deriving the equations of
motion of a test particle influenced by the gravitational
force from the WH, the radiation pressure together with
the general relativistic PR effect from a radiation source
outside the WH throat. We adopt the following strategy:
we first write the equations of motion in the SO frame,
see Eq. (2), and then transform them in the frame of
the static observer at infinity, see Eq. (1). To this end,
we make use of the observer splitting formalism, which
is able to coherently disentangle gravitational from ficti-
tious forces arising from the relative motion of two non-
inertial observers [46, 61–63].
We calculate the SO kinematical quantities, which are
acceleration a(n) = ∇nn, and the relative Lie curvature
vector k(Lie)(n), whose explicit expressions are [41, 43]
a(n)rˆ = Φ′(r)
√
1− b(r)/r, (14)
k(Lie)(n)
rˆ = −
√
1− b(r)/r
r
. (15)
2.2.1. Radiation field
We model the radiation field as a coherent flux of pho-
tons traveling along null geodesics on the Morris-Thorne
metric. The photons depart from a radiation source
around the WH (see Fig. 1), but located outside the
neck, and only one single photon reaches the test parti-
cle at its position at each instant of time. In this case, it
is important to underline that the radiation stress-energy
tensor Tµν is superimposed on the background geometry,
without modifying it. Such tensor is different from the
one occurring in Eq. (6), where we have used the super-
script “(m)”, and reads as [41, 42]
Tµν = I2kµkν , kµkµ = 0, kµ∇µkν = 0, (16)
where I is a parameter linked to the radiation field inten-
sity, k is the photon four-momentum field, and the last
two equations express the null geodesic condition. In
such spacetime, we have that the energy E = −kt, and
the angular momentum with respect to the polar axis (or
whatever other axis) Lz = kϕ, are conserved quantities
along the photon trajectory. Splitting k with respect to
the SO frame, we obtain [41, 42]
k = E(n)[n+ νˆ(k, n)], (17)
νˆ(k, n) = sinβ erˆ + cosβ eϕˆ, (18)
where
E(n) =
E
eΦ(r)
, (19)
is the photon energy measured in the SO frame, νˆ(k, n)
is the photon spatial unit relative velocity with respect to
the SO frame, β is the angle measured in the SO frame
in the azimuthal direction. The radiation field is gov-
erned by the impact parameter λ = Lz/E, associated
with the emission angle β. The radiation field photons
are emitted from a spherical rigid surface having a radius
R? centered at the origin of the spherical coordinates,
and rotating rigidly with angular velocity Ω?. The pho-
ton impact parameter b and the related photon angle β
have the following expressions [42, 44]
λ = Ω?
[
gϕϕ
−gtt
]
r=R?
, cosβ =
eΦ(r)
r
λ, (20)
where we indicate with the label r = R? that the metric
components gϕϕ, gtt must be evaluated in R?.
From the conservation of the stress-energy tensor,
namely ∇µTµν = 0, we are able to determine the pa-
rameter I, which has the following expression [41, 42]
I2 = I
2
0√
r2 − e2Φ(r)λ2 , (21)
where I0 is I evaluated at the emitting surface.
52.2.2. Radiation force and test particle acceleration
A test particle moves with a timelike four-velocity U
and a spatial velocity ν(U, n) with respect to the SO
frames, which both read as [44]
U = γ(U, n)[n+ ν(U, n)], (22)
ν = ν(sinαerˆ + cosαeϕˆ), (23)
where γ(U, n) ≡ γ = 1/√1− ||ν(U, n)||2 is the Lorentz
factor, ν = ||ν(U, n)|| is the magnitude of the test particle
spatial velocity, and α is the azimuthal angle of the vector
ν(U, n) measured clockwise from the positive ϕˆ direction
in the rˆ − ϕˆ tangent plane in the SO frame.
The test particle acceleration a(U), can be calculated
by using the relativity of observer splitting formalism.
They can be easily derived in the SO frame by employing
the proprieties of spherical symmetry shared with the
Schwarzschild equations [42], i.e.,
a(U)tˆ = γ2ν sinα a(n)rˆ + γ3ν
dν
dτ
, (24)
a(U)rˆ = γ2[a(n)rˆ + k(Lie)(n)
rˆν2 cos2 α]
+γ
(
γ2 sinα
dν
dτ
+ ν cosα
dα
dτ
)
, (25)
a(U)ϕˆ = −γ2ν2 sinα cosαk(Lie)(n)rˆ
+γ
(
γ2 cosα
dν
dτ
− ν sinαdα
dτ
)
. (26)
We assume that the radiation-test particle interaction
occurs through Thomson scattering, characterized by a
constant momentum-transfer cross section σ, indepen-
dent of direction and frequency of the radiation field. We
can split the photon four-momentum (17) in terms of the
velocity U as [41–44]
k = E(U)[U + Vˆ(k, U)], (27)
where
E(U) = γE(n)[1− ν cos(α− β)], (28)
is the photon energy measured by the test particle. The
radiation force F(rad)(U) can be written as [41–44]
F(rad)(U)αˆ = σ˜ [IE(U)]2 Vˆ(k, U)αˆ, (29)
where σ˜ = σ/m and m is the test particle mass. The
term σ˜[IE(U)]2 has the following expression [44]
σ˜[IE(U)]2 = Aγ
2[1− ν cos(α− β)]2
e2Φ(r)
√
r2 − e2Φ(r)λ2 , (30)
where A = σ˜[I0E]2 being the luminosity parameter,
which can be equivalently written as A/M = L/LEDD ∈
[0, 1] with M is the mass defined in Eq. (12), L the
emitted luminosity at infinity, and LEDD the Eddington
luminosity. The terms Vˆ(k, U)αˆ are the radiation field
components, whose expressions are [42, 44]
Vˆ rˆ = sinβ
γ[1− ν cos(α− β)] − γν sinα, (31)
Vˆ ϕˆ = cosβ
γ[1− ν cos(α− β)] − γν cosα, (32)
Vˆ tˆ = γν
[
cos(α− β)− ν
1− ν cos(α− β)
]
. (33)
2.2.3. Equations of motion
Collecting all the information derived in the previous
sections, we are able to derive the equations of motion of
a test particle moving in the equatorial plane around a
WH and influenced by the radiation force (29). Imposing
that a(U) = F(rad)(U), we obtain [41–44]
dν
dτ
= − sinα
γ
a(n)rˆ (34)
+
A[1− ν cos(α− β)][cos(α− β)− ν]
e2Φ(r)
√
r2 − e2Φ(r)λ2 ,
dα
dτ
= −γ cosα
ν
[
a(n)rˆ + k(Lie)(n)
rˆ ν2
]
(35)
+
A[1− ν cos(α− β)] sin(α− β)
e2Φ(r)
√
r2 − e2Φ(r)λ2 ν cosα ,
U rˆ ≡ dr
dτ
=
γν sinα√
grr
, (36)
U ϕˆ ≡ dϕ
dτ
=
γν cosα√
gϕϕ
, (37)
U tˆ ≡ dt
dτ
=
γ
N
, (38)
where τ is the affine parameter (proper time) along the
test particle trajectory.
2.3. Critical hypersurfaces
The dynamical system given by Eqs. (34) – (37) may
admit the existence of a critical hypersurface, a region
where there is a balance between the radiation and grav-
itational forces. We already know that in the equatorial
plane of the Schwarzschild metric [41, 42], they behave as
stable attractors, namely particular configurations where
the test particle moves stably on it for all future times.
Imposing that on the critical hypersurface the test par-
ticle must move on purely circular orbits (i.e., α = 0, pi)
and with constant velocity (i.e., ν = const), we have that
6dν/dτ = 0, and dα/dτ = 0, or equivalently that [41, 42]
A[1− ν cos(α− β)][cos(α− β)− ν]
e2Φ(r)
√
r2 − e2Φ(r)λ2 = 0, (39)
a(n)rˆ + k(Lie)(n)
rˆ ν2
+
A[1− ν cosβ] sinβ
γe2Φ(r)
√
r2 − e2Φ(r)λ2 = 0. (40)
From Eq. (39), we obtain that the velocity of the test
particle on the critical hypersurface must be equal to the
azimuthal photon velocity
ν = cosβ. (41)
Substituting such result in Eq. (40), we derive an implicit
equation for determining the radius rcrit of the critical
hypersurface, which is given by
a(n)rˆ + k(Lie)(n)
rˆ cos2 β +
A sin3 β
r e2Φ(r)
= 0. (42)
We already know the proprieties of Eq. (42) in the
Schwarzschild metric. For photons emitted radially (i.e.,
λ = 0), the test particle reaches the critical hypersur-
face and ends its motion on a point, since there is a per-
fect balance between radiation and gravitational forces
[41, 43]; instead in the case where the photons are emit-
ted in an arbitrary direction (i.e., λ 6= 0), the test particle
when reaches the critical hypersurface it starts to move
on it with constant velocity given by Eq. (39) [42, 44].
In addition, we know that the critical radius solution of
Eq. (42) is unique1, and it continuously depends on the
luminosity parameter A. Therefore, it is always possible
to find a critical radius very close to the Schwarzschild
event horizon for a particular luminosity parameter A
(crucial propriety which we will be exploited in Sec. 3),
as one can immediately see in Fig. 2.
2.3.1. WH critical hypersurfaces: general remarks
In our case, Eq. (42) is generic, being determined once
we have an explicit expression of the metric functions
Φ(r), b(r). Therefore, depending on the considered WH,
we can have different dynamical systems and it may hap-
pen that Eq. (42) admits more than one (physical) solu-
tion, or no solutions (in the worst case), or admits solu-
tions only in some regions of the spacetime. Let us con-
sider a particular case, where the temporal metric com-
ponent is a constant function, i.e., Φ(r) = Φ0 ≡ const,
while the shape function b(r) remains still unspecified.
1 In the Schwarzschild case, Eq. (42) can admit three different
solutions. One solution is located very far from the BH and
another one is close to the event horizon, so they are unphysical.
Therefore, there exists only one physical solution [42, 44].
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In such particular case, Eq. (42) becomes
λ2e4Φ0r
√
1− b(r)
r
= A(r2 − e2Φ0λ2)3/2. (43)
In this case, when the photons are radially emitted (i.e.,
λ = 0), Eq. (43) implies r = 0, which is not a physical
solution neither for a BH nor for a WH, independently
of the explicit functional form of the shape function b(r).
Therefore, for λ = 0 it is never possible to have critical
hypersurfaces. Instead, for λ 6= 0, Eq. (43) becomes an
algebraic equation in r of sixth order,
A2r6 − 3e2Φ0λ2A2r4 + (3A2e4Φ0λ2 − e8Φ0λ4)r2
+ e8Φ0λ4rb(r)−A2e6Φ0λ6 = 0. (44)
This equation strictly depends on the functional form
of the b(r) function. The photon impact parameter λ
cannot assume any value, but it ranges in a limited in-
terval. First of all, we must have λ ≥ 0 and since λ
depends both on the value of the source’s radius R? and
angular velocity Ω?, we should constraint such parame-
ters. For reasons which will become clearer in Sec. 3,
we consider R? = 6M , corresponding to the innermost
stable circular orbit (ISCO) in the Schwarzschild met-
ric. The Ω? angular velocity has minimum and maxi-
mum values corresponding respectively to Ωmin = 0 and
Ωmax = [
√−gtt/gϕϕ]r=R? . In the Schwarzschild met-
ric we obtain Ω? ∈ [0, 0.14]M−1 rad/s, or equivalently a
rotation frequency of f? ∈ [0, 4126/(M/M)] Hz, which
finally give λ ∈ [0, 7.35] M .
For λ/M  1, considering only the terms less or equal
than λ2, from Eq. (44) we obtain
r4 − 3e2Φ0λ2r2 + 3e4Φ0λ2 = 0, (45)
7where we have assumed that eΦ and b(r) are not func-
tions of order higher than λ4. Such equation admits no
solutions, therefore we conclude that for λ/M  1, there
are no critical hypersurfaces. The neglected terms would
have given just a small contribution close to r = 0, being
still not an admissible solution for both a BH and a WH.
As it will be clearer in Sec. 3, we are only interested in
solutions outside of the event horizon.
Instead for λ/M  1 we have that Eq. (44) becomes
r2 − rb(r) +A2e−2Φ0λ2 = 0, (46)
which depends on the explicit functional form of b(r).
3. DIAGNOSTIC TO DISTINGUISH A BLACK
HOLE FROM A WORMHOLE
In this section, we explain in details the strategy to
diagnose a BH from a WH. The idea is mainly based on
the hypothesis that a particular class of WH metrics ad-
mits a transition surface layer (located outside the event
horizon), which is useful to smoothly connect the inter-
nal WH solution with the external WH region described
by the Schwarzschild metric, see Sec. 3 3.1 and Fig. 3.
Therefore, in the WH case metric-changes occur in such
transition surface layer, while in the BH case the metric
continues to be that of the Schwarzschild spacetime.
We consider the presence of an accretion disk around
the central compact object. It represents the source
both of the radiation emission and of an intense mag-
netic field which produces squeezed vacuum states gen-
erating the negative energy required to make the WH
both traversable and stable (see Sec. 3 3.2). The gen-
eral relativistic PR effect is very important for explain-
ing the presence of stable critical hypersurfaces in the
transition surface layer. We consider the emission pro-
prieties not only from the disk (as it is usually done in
the literature), but also from the critical hypersurface in
the BH Schwarzschild metric (see Sec. 3 3.3). If a WH
is present, we can have either no critical hypersurfaces
or even if they exist, they have different emission pro-
prieties from that of the Schwarzschild case, due to the
presence of a different metric. Therefore, if we are able to
fit the observational data through this model, it means
that there is a BH, otherwise a WH could exist. We
note that the flux emitted from the critical hypersurface
in the Schwarzschild metric is a critical observable, which
allows us to strongly reveal the presence of a BH.
3.1. Geometrical and astrophysical setup
We consider a particular class of static and spherically
symmetric WHs2, contained in the appendix of the work
by Morris and Thorne [50], which constitute subtle ex-
amples of perfect BH mimickers, indistinguishable both
from X-ray electromagnetic and GW emissions.
In such WH metrics, the exotic matter is confined
only in a small region close to the WH throat (i.e.,
b0 ≤ r ≤ rc), and outside there is ordinary matter ex-
tending up to the Schwarzschild radius RS = 2M (i.e.,
rc ≤ r ≤ RS). There exists a small transition sur-
face layer (i.e., RS ≤ r ≤ RS + ) where it is pos-
sible to smoothly connect the inner WH solution with
the Schwarzschild metric (i.e., RS +  ≤ r). Follow-
ing the results reported by Cardoso and collaborators
[26], we know that a good BH mimicker should have
RS +  < RP = 3M , corresponding to the photon sphere
radius in the Schwarzschild metric. Based on this consid-
eration, the transition surface layer must be located un-
der the photon sphere radius, which consequently trans-
lates in having /M < 1 (see Fig. 3, for details).
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FIG. 3. Schematic representation of one of the Morris-Thorne
solutions in terms of the spacetime domain.
We note that the transition surface layer must be lo-
cated outside the Schwarzschild event horizon, otherwise
it would create a metric with a horizon, going therefore
against the definition of WH. We have built up a very
extreme case, which makes very complicate and thorny
the identification of the presence of a WH, being in agree-
ment with the actual state of the art of the observations.
2 We refer to the third example in the appendix of Ref. [50], enti-
tled “Solutions with exotic matter limited to the throat vicinity”.
8In addition, the location of the transition surface layer,
which is very close to the event horizon, entails to inquire
gravity in extreme field regimes.
In this geometrical background, we consider a thin ac-
cretion disk [64] located in the equatorial plane around
the WH, extending from the Schwarzschild ISCO radius
rin = 6M until rout = 100M
3. We assume that the ac-
cretion disk is present only in one universe, and not also
in the opposite side. We exclude the possibility of two ac-
cretion disks in both universes, otherwise the WH can be
immediately detected from X-ray observations [28]. The
accretion disk elements, which move down to the ISCO
radius can be modeled as test particles, having as initial
position (r, ϕ) = (r0, ϕ0) and velocity (ν, α) = (ν0, α0).
They are influenced by the radiation field coming from
the accretion disk, which in the 2D case can be reason-
ably approximated as a ring at ISCO radius, because the
radiation field from other parts of the disk is shielded.
3.2. Magnetic field in the accretion disk as possible
mechanism to make a BH traversable and stable
The presence of an accretion disk around a BH is an
important source of information about the system under
study. Indeed, the role of the accretion disk might have
a twofold advantage: (1) it is the emitting source which
generates a radiation field (source of the general relativis-
tic PR effect), (2) its intense magnetic field makes a BH
traversable and stable. About the latter issue, we pro-
pose a possible explanation of the WH stress-energy ten-
sor (6), and suggest a possible mechanism through which
we can select among the plethora of known astrophysical
BH systems the possible candidates hosting WHs. We
do not enter into the modeling details of such process,
because this goes beyond the aim of this paper.
Following an idea contained in the paper of Morris and
Thorne [50], besides the possibility of modified gravity
discussed above, we think that a situation where quan-
tum fields can have negative energy density, violating
thus the null energy condition (NEC), is obtained by a
squeezed quantum state of the electromagnetic field. Such
phenomenon consists in decreasing the noise in one ob-
servable (coincident in our case with the energy) to con-
sequently enhance the noise in the conjugate observable.
The result is that the variations in the first observable are
reduced below the quantum vacuum zero-point fluctua-
tions, entailing thus negative energy [50, 65, 66]. In other
words, quantum squeezing is useful to withdraw energy
from one region standing in the ordinary vacuum at the
cost of piling up the remaining energy elsewhere. In ad-
dition, such state is physically reproducible in laboratory
3 The outer boundary of the disk mainly depends on the particu-
lar systems under investigation. We consider a sufficiently high
value, because the main contributions derive from the inner re-
gions closer to the BH, while the distant regions give only minor
contributions, which do not drastically change our analysis.
thanks to the nonlinear-optics squeezing technique (see
[66], and references therein), being, therefore, one of the
most feasible astrophysical candidates.
We underline again that we are interested in the sit-
uation where an element of accreting gas can fall in-
side the WH, rather than a human traverses it for in-
terstellar travels. We deem that the possible cause for
generating the squeezed vacuum states is due to the
presence of strong magnetic fields in the accretion disk
[50]. In addition, since such magnetic fields have steady
strength, a WH both traversable and stable could be re-
alized. This is not just an hypothesis, because in the
reality there exists astrophysical BH systems endowed
with accretion disk structures showing intense magnetic
fields [67], such as BHs in active galactic nuclei (AGNs):
NGC 7469 (2.20× 105 G), Akn 564 (1.26× 105 G), NGC
4051(9.85 × 104 G), PG 1211+143 (6.25 × 104 G), Mrk
335 (6.10 × 105 G). Adopting Eq. (2.11) in Ref. [64],
where B ∼ 108(M/M)1/2 G at the ISCO radius, it is
possible to obtain higher magnetic fields, as B ∼ 107 for
M = 100M, and B ∼ 106 for M = 104M.
3.3. Ray-tracing of emitting surfaces
From Sec. 2 2.3 we know that it is always possibile
to have a critical hypersurface very close to the event
horizon in the Schwarzschild metric, see Fig. 2. We
study the emission proprieties from such configuration
together with those of the accretion disk in the BH case
toward a distant observer. Such research topic has been
only partially treated in the PR effect literature [68].
The calculations of the emitted fluxes can be per-
formed by exploiting the ray-tracing technique, which re-
lies on tracking a photon trajectory from the emission
point to the observer location. In order to carry out
such calculations in Schwarzschild metric, there are some
fundamental effects to be taken into account, which are
[69, 70]: light bending, gravitational lensing (or better
known as solid angle), and gravitational redshift.
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FIG. 4. Ray-tracing geometry in Schwarzschild spacetime.
The ray-tracing geometry is depicted in Fig. 4. We
9consider a reference frame centered at the origin of the
BH/WH location and having the x- and y-axes lying in
the equatorial plane, and the z-axis orthogonal to the
equatorial plane. We can adopt spherical coordinates,
where the radius r joins the center of the coordinates
with any point in the space, the azimuthal angle ϕ mea-
sured clockwise from the x-axis, and the latitudinal an-
gle θ measured from the z-axis. There is a static and
not rotating observer located at infinity, who is inclined
by an angle i with respect to the z-axis, and the z0-axis
points in the observer’s direction. The latitudinal angle
ψ is measured from the z0-axis, and it is known in the
literature as light bending angle [69–71].
Let us consider a point P in the space at radial dis-
tance R, where a photon is emitted (see Fig. 4). In such
point, we can define the emission angle αem as the angle
formed by the radial versor rˆ and the photon velocity
k both applied in the point P . The photon will follow a
null-trajectory in the Schwarzschild spacetime (lying in a
single plane), which will reach the observer location with
a photon impact parameter [69]
bph =
R sinαem√
1− 2M/R. (47)
It is important to note that this photon impact parameter
bph is different from that of the radiation field λ, see Eq.
(20). We will employ high-accurate approximate polyno-
mial ray-tracing equations for the accretion disk, while
for the critical hypersurface we are forced to use original
integral formulas since in that region are not available
accurate approximate equations.
We will produce some emission templates from the crit-
ical hypersurface (see Sec. 3 3.3 3.3.1), accretion disk
(see Sec. 3 3.3 3.3.2), and combined profiles (see Sec.
3 3.3 3.3.3). Then, we will analyse their behaviors to ex-
tract relevant physical information. We will focus only on
the Schwarzschild spacetime, because for other metrics in
the surface transition layer (i.e., 2M ≤ r ≤ 2M+) it can
occur either that there are no critical hypersurfaces, so
the matter flows down to the throat, or even if they exist,
they have different emission proprieties with respect to
the Schwarzschild metric, which the observer at infinity
can immediately distinguish (see Sec. 2 2.3).
We do not perform the same calculations in the WH
case, for mainly two reasons: (1) we do not know a-priori
the most suitable metric to be used in the transition sur-
face layer, but instead it can be determined a-posteriori if
the observational data shows strong departures from the
BH model; (2) the mathematical problem behind this
case is very complex and can be the topic of another
paper. Indeed, it entails to solve these issues: (i) devel-
oping the ray-tracing equations in such new metric, (ii)
analysing their proprieties, (iii) smoothly matching such
equations with those of the Schwarzschild metric on the
boundary of the transition surface layer.
3.3.1. Emission from the critical hypersurface
The ray-tracing of the critical hypersurface considers
for each point the related light bending angle, which is
calculated through the formula [70]
cosψ = sin i cosϕ. (48)
The light bending equation [69–71]
ψ =
∫ ∞
R
dr
r2
[
1
b2ph
− 1
r2
(
1− 2M
r
)]− 12
, (49)
is valid for every R > 2M and αem ∈ [0, pi/2]. Through
interpolation numerical methods we determine the emis-
sion angle αem [72]. In particular we must distinguish
photons with zero and one turning points [70]. Defined
ψp as the light bending angle corresponding to the emis-
sion angle αem = pi/2, we have that for ψ ∈ [0, ψp] there
are zero turning points, while for ψ ∈ [ψp, ψmax] we have
one turning point, where ψmax is the light bending angle
corresponding to the maximum emission angle [70]
αmax = pi − arcsin
[
3
2
√
3
(
1− 2M
R
)
2M
R
]
. (50)
Indeed, for αem ∈ [αmax, pi] the photon is swallowed by
the BH and cannot reach the observer. Such argument
is valid for R ≥ 3M (disk case), while for R < 3M (our
case), we have that αmax becomes
4 [73]
αmax = arcsin
[
3
2
√
3
(
1− 2M
R
)
2M
R
]
. (51)
This remark is very useful not only to make smooth the
αmax function, as it can be seen in Fig. 5, but also to
perform a correct ray-tracing procedure.
4 For R ≤ 3M , it occurs that αmax ≤ pi/2 until to arrive to αmax =
0 at R = 2M , forming the so called cone of avoidance [73].
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FIG. 5. Maximum emission angle αmax in terms of the emis-
sion radius R. The dashed red line is for α = pi/2, and this is
the threshold to have turning points, while the dashed green
line is to determine the position of the photon sphere.
For photons with one turning point, we apply a sym-
metrization process by defining ψS = 2ψp − ψ, because
Eq. (49) is defined only for ψ ∈ [0, ψp]. Then, we will
obtain the emission angle αS ∈ [0, pi/2], therefore to ob-
tain the right emission angle αem corresponding to ψ, we
use another symmetrization process, i.e., αem = pi − αS
[70]. In our case we do not consider any symmetrization
process since αem ≤ pi/2.
Another non-trivial aspect is that in the range R < 3M
the function in the square root of Eq. (49) is always
positive. For practical reasons, considering the change of
variables x = R/r, we rewrite such equation as
ψ =
∫ 1
0
sinα dx√
f(x,R, α)
. (52)
where
f(x,R, α) = 1− 2M
R
− x2 sin2 α
(
1− 2Mx
R
)
. (53)
In Fig. 6 we prove what we have claimed.
We have all the elements for calculating the photon
impact parameter bph and the solid angle formula [70]
dΩ =
cos i
R2 sin2 ψ
b2ph
cosαem∫∞
R
dr
r2
[
1− b
2
ph
r2
(
1− 2Mr
)]− 32 dR dϕ. (54)
For producing the emission profiles, we need only to
calculate the gravitational redshift (1 + z)−1. The test
particle velocity on the critical hypersurface with respect
to the coordinate time t is [41, 42]
Uα ≡ dx
α
dt
=
(
1, 0, 0,
R− 2M
R3
λ
)
. (55)
FIG. 6. Maximum emission angle αmax in terms of the emis-
sion radius R. The dashed red line is for α = pi/2, and this is
the threshold to have turning points, while the dashed green
line is to determine the position of the photon sphere.
The photon velocity is [69]
kt = −E, (56)
kr = E
√
1− b
2
ph
R2
(
1− 2M
R
)(
1− 2M
R
)−1
, (57)
kϕ = Ebph, (58)
and the observer velocity is V α0 = (1, 0, 0, 0). Therefore,
the gravitational redshift is [69]
(1 + z)−1 ≡ V
α
0 kα
Uαkα
=
(
1− R− 2M
R3
λbph
)−1
(59)
The flux emitted by the critical hypersurface for an
observed frequency νem can be calculated through [70]
Fνem =
∫
Ω
0ξ
q
4pi
(1 + z)−4 dΩ, (60)
where 0 is the surface emissivity varying as a power law
of ξ = r/M with index q.
For λ = 0, we know that the test particle does not
move, therefore for whatever emission radius R and ob-
server inclination angle i, we have a profile peaked at 1,
as we expect and it can be seen in Fig. 7.
In Fig. 8 we display different templates performed for
different λ values (i.e., λ = 1, 5), observer inclination
angles i (i.e., i = 30◦, 60◦, 80◦), and for emission radii
ranging from very close to the event horizon (R = 2.2M)
to near the photon sphere (R = 2.8M). These profiles
are important to have information on the critical hyper-
surface’s features in the BH case. They behave as broad
iron line profiles shaped by the PR effect, where a fun-
damental parameter is the PR-radiation photon impact
parameter λ. Indeed, for λ/M ≤ 1 the fluxes peak very
close to 1, while for λ/M ≥ 1 the fluxes depart from
it and become broader. Since the gravitational redshift
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FIG. 7. Normalized flux of the critical hypersurface for λ =
0, i = 30◦, R = 2.5M , and surface emissivity index q = −3.
(59) depends only on the transverse velocity of the mat-
ter on the critical hypersurface, the higher is the velocity,
the broader is the profile. The general relativistic effects
are enhanced by increasing the observer inclination an-
gle. For astrophysical purposes, it is useful to calculate
for each emission profile (determined by λ and R = rcrit)
the related luminosity parameter A(rcrit, λ)/M through
Eq. (42), see Table I. This information permits to have
a list of luminosities emitted from astrophysical sources,
which are very helpful both to obtain a set of input pa-
rameters for our model (i.e., rcrit and λ), and also vicev-
ersa to select the systems where to look for WHs.
TABLE I. Different values of A(rcrit, λ)/M .
rcrit \ λ 0 1 2 3 4 5 6 7
2.1M 0.22 0.21 0.20 0.19 0.16 0.13 0.10 0.07
2.2M 0.30 0.29 0.26 0.22 0.17 0.11 0.05 0.01
2.3M 0.36 0.35 0.30 0.23 0.15 0.07 0.01 –
2.4M 0.41 0.39 0.32 0.23 0.13 0.04 – –
2.5M 0.45 0.42 0.34 0.23 0.11 0.02 – –
2.6M 0.48 0.45 0.35 0.23 0.10 0.01 – –
2.7M 0.51 0.47 0.36 0.22 0.09 0.01 – –
2.8M 0.54 0.49 0.37 0.22 0.08 0.00 – –
2.9M 0.56 0.51 0.38 0.21 0.07 0.00 – –
3.3.2. Emission from the disk
We consider the emission from the disk modeled by the
very broad iron line (Fe Kα) observed around 6.4 keV in
a number of astrophysical systems (see Refs. [74, 75],
and references therein), well known in the high-energy
literature [76]. Since the accretion disk extends from
r ≥ RISCO, it is sufficient to employ the approximate
polynomial-formulas by De Falco and collaborators [70]5.
We apply the same ray-tracing procedure scheme dis-
cussed in the previous section, but we replace the light
bending equation (49) with [70, 71]
αem = arccos [1− (1− cosψ) (1− u)] . (61)
where u = 2M/r. Such formula permits to easily deter-
mine αem, without resorting to any numerical method.
We replace also the solid angle formula (54) with [70]
dΩ ≈ cos i
sin2 ψ (1− u) R
[
2z + (1− 2C) z2+
+
(
1− C + 2C2 − 2D) z3] dR dϕ, (62)
where
C =
4− 3u
4(1− u) , D =
39u2 − 91u+ 56
56(1− u)2 . (63)
The gravitational redshift (59) is also replaced with
(1 + z)−1 =
(
1− 2Mr − ω2kr2
)1/2(
1 + bphωk
sin i sinϕ
sinψ
) , (64)
where we consider matter orbiting with Keplerian veloc-
ity ωk =
√
M/r3 around the BH. The observed flux is
still calculated by using Eq. (60).
In Fig. 9, we show some disk emission plots, exhibiting
the characteristic skewed, highly broadened, and double-
horned line profiles [80–82]. The general relativistic ef-
fects, together with the transversal Doppler shifts and
gravitational redshift, strongly shape the iron Kα line,
allowing thus to inquire the accretion disk dynamics [83].
The general relativistic effects are enhanced by increas-
ing the observer inclination angle i. The highest peak
corresponds to the blue-shifted emission from material
on the approaching side, while the other peak is related
to red-shifted emission from matter on the receding part.
The broadest part of the line is produced by the fastest
motion of matter in the inner regions [80].
3.3.3. Total emission
Combining the results obtained for the critical hyper-
surface (Figs. 7 and 8) with those of the disk (Fig. 9),
we can produce the total emission from astrophysical sys-
tems hosting BHs, which is what we actually observe.
5 There are other more accurate formulas proposed in the litera-
ture, which can be also employed, although they are extremely
useful when we are closer to the photon sphere location [77–79].
In our case, the accuracy of our approximation is enough [70].
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diation emission from a disk extending from rin = 6M to
rout = 100M , assuming a surface emissivity index q = −3
and observer inclination angles i = 30◦, 60◦, 80◦.
For λ = 0, we notice from Fig. 10 a small intermediate
peak (related to the critical hypersurface) between the
other two peaks of the accretion disk. The characteristic
shape of this system will be a three-horned profile, where
a peak gives important information on the critical hyper-
surface, and therefore on the metric where it moves. In
this particular case, the flux from the critical hypersur-
face sums with those from the accretion disk, explaining
the existence of the intermediate peak.
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FIG. 10. Normalized flux of the total system, using the data
of Fig. 7 for the critical hypersurface and Fig. 9 for the disk.
In Fig. 11 we display a great variety of total emis-
sion profiles, combining the profiles from Figs. 9 and 8.
We have disparate behaviors, all showing in a way more
or less pronounced the distinctive feature of the three-
horned line. Remembering that λ is connected with the
velocity of the matter moving on the critical hypersur-
face, we have: for high values of rcrit and λ the peak
related to the PR effect is shifted to high energies and is
more enhanced than those from the accretion disk, while
for small values of both parameters the flux from the
critical hypersurface sums with those of the disk. In this
last cases, we have disk-like emission profiles with the
presence of a distinctive higher blue-shifted peak.
This new procedure can be heavily and timely sup-
ported by both present, like XMM-Newton [82, 84], EHT
[85], and future observational X-ray data, like Advanced
Telescope for High-ENergy Astrophysics (ATHENA)
[86], enhanced X-ray Timing and Polarimetry mis-
sion (eXTP) [87], Imaging X-ray Polarimetry Explorer
(IXPE) [88]. In addition, such technique could be si-
multaneously combined with other different methods of
observations, like GWs detections or imaging of matter
close to a BH, to acquire more and precise information.
4. CONCLUSIONS
In this work, we have derived the equations of motion
(34) – (38) of a test particle in a static and spherically
symmetric WH spacetime (Morris-Thorne like, see Sec.
2 2.1) under the influence of the general relativistic PR
effect, see Sec. 2 2.2. We consider a particular BH mim-
ickers’ class of WHs, where the exotic matter is placed
in a small region close to the throat, and then ordinary
matter extending up to RS = 2M . A small transition sur-
face layer located within Rp = 3M , permits to smoothly
connect the inner solution to the Schwarzschild metric,
see Fig. 3. A particular WH dynamics is determined,
whenever the redshift Φ(r) and shape b(r) functions are
explicit. This dynamical system can admit the existence
of a critical hypersurface, a region where there is an equi-
librium between the radiation and gravitational forces,
see Sec. 2 2.3. We have recalled some useful proprieties
of such stable configurations in the Schwarzschild metric
(see Fig. 2), and then we have investigated some general
aspects for Φ = Φ0 ≡ const (value usually assumed by
the redshift function in the transition surface layer [50]).
We have found that there are no critical hypersurfaces
for λ/M  1, while for λ/M  1 it strongly depends on
the functional form of the shape function b(r).
We have developed a diagnostic to distinguish a BH
from the class of WHs outlined above. We have consid-
ered as astrophysical setup an accretion disk around a
BH/WH (in only one universe) extending from the ISCO
radius to rout = 100M , see Sec. 3 3.1. The ISCO radius
is the radiation source which alters the geodesic motion
of the test particle through the general relativistic PR ef-
fect. We deem that the presence of an accretion disk with
high magnetic fields B ∼ 104−107 G, might be the cause
for producing squeezed vacuum electromagnetic states,
phenomenon which generates negative energy and makes
the BH traversable and stable, see Sec. 3 3.2. This might
14
0
0 .
5
1
F l
u x
λ=1
i=30o
R=2.2M
λ=1
i=60o
R=2.2M
λ=1
i=80o
R=2.2M
0.6 0.8 1
0
0 .
5
1
F l
u x
(1+z)−1
λ=5
i=30o
R=2.2M
0.6 0.8 1 1.2
(1+z)−1
λ=5
i=60o
R=2.2M
0.5 1 1.5
(1+z)−1
λ=5
i=80o
R=2.2M
0
0 .
5
1
F
l u
x
1 2 3 4 5
0
0 .
5
1
F
l u
x
(1+z)−1
2 4 6
(1+z)−1
2 4 6 8 10
(1+z)−1
λ=1
i = 30o
R=2.8M
λ=1
i = 60o
R=2.8M
λ=1
i = 80o
R=2.8M
λ=5
i = 30o
R=2.8M
λ=5
i = 60o
R=2.8M
λ=5
i = 80o
R=2.8M
FIG. 11. Normalized flux of the total system, using the data of Fig. 8 for the critical hypersurface and Fig. 9 for the disk.
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be a very useful discriminant to reduce the search for
WHs among several astrophysical systems.
Knowing that the critical hypersurface can be located
very close to the event horizon of a BH (or in the tran-
sition surface layer of a WH), this configuration can be
employed to inquire the proprieties of the geometrical
background and distinguish the two structures. An ob-
servable through which we can achieve such objective
is the observed emission profiles, by employing the ray-
tracing technique from the emission location toward the
observer at infinity, see Sec. 3 3.3. We have first analysed
the emission proprieties from the critical hypersurfaces in
the BH Schwarzschild metric (see Figs. 7 and 8), where
they strongly depend on the λ values, the critical hyper-
surface radius rcrit, and the observer inclination angle i,
which all contribute to enhance the general relativistic
effects, see Sec. 3 3.3 3.3.1. In such analysis, we have
also provided the Table I, where we show some possi-
ble luminosities of BH systems, both for relating them
with the input parameters of our model (i.e., rcrit and
λ), and for reducing the astrophysical systems, where
to look for WHs. Then, we have reported the emission
from the accretion disk (see Fig. 9), exhibiting the char-
acteristic skewed, double-horned iron line profile, see Sec.
3 3.3 3.3.2. Finally, combining the two emissions to cal-
culate the total flux, we see the characteristic feature of a
three-horned profile (see Figs. 10 and 11), where a peak
easily identifiable gives important information not only
on the critical hypersurface, but also on the metric where
the matter moves. Indeed, if the observational data can
be well fitted by this model, we can conclude that there
is a BH; instead if the fit through such description is
not suitable to interpret the observational data, it means
that there are metric-changes and the possibility to have
a WH could be realistic, see Sec. 3 3.3 3.3.3. In addi-
tion, such method can be advantageously supported by
the recent and near-future observational data, see Sec.
3 3.3 3.3.3.
This work finds not only a practical implication in di-
agnosing a BH from a WH, but also other interesting
applications. First of all, since the critical hypersurface
lies very close to the event horizon, it can be extremely
useful to infer fundamental proprieties on the gravita-
tional field and also on how gravity couples with photons
in strong field regimes. Another original idea consists in
employing some generic spherically symmetric BH met-
rics, which are built within a model-independent frame-
work and do not reflect nor need a specific theory of
gravity [89]. They can be used to approximate arbitrary
BH spacetimes through a small set of coefficients, that
can be recovered from astronomical observations. In this
way, we can measure in an agnostic manner possible devi-
ations from GR and hence determine whether alternative
theories of gravity are needed. In addition, this approach
can be a tool to determine the WH metric in the transi-
tion surface layer, if one observes metric-changes there.
Finally, we stress that the method devised in this pa-
per is based upon a toy model, where several elemen-
tary features can be further improved. Indeed as future
projects, we aim at extending such description both in
the diagnostic procedure and in the modeling aspects by
improving the following aspects: considering a rotating
axially symmetric WH spacetime in GR, eventually set-
ting such description in the 3D space, and extending such
treatment in modified theories of gravity.
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